International Journal of Power Electronics and Drive Systems (IJPEDS) 
Vol. 12, No. 4, December 2021, pp. 2169~2181 
ISSN: 2088-8694, DOI: 10.1159 1/ijpeds.v12.i4.pp2169-2181 O 2169 


Reactive power control of grid-connected photovoltaic micro- 
inverter based on third-harmonic injection 


Farah T. Noori!, Turki K. Hassan? 


‘Department of Electrical Engineering, Mustansiriyah University, Iraq 


'Technical Institute of Baquba, Middle Technical University, Iraq 


Article Info 


ABSTRACT 


Article history: 


Received Aug 21, 2021 
Revised Sep 6, 2021 
Accepted Sep 13, 2021 


Keywords: 


Current source inverter 
Grid-connected 
Interleaved flyback 
Photovoltaic panel 
Third-harmonic injection 


This paper presents four interleaved flyback DC-DC converters. Each 
flyback converter contains a separate maximum power point tracker (MPPT). 
The MPP tracker is used to collect the maximum power value from 
photovoltaic panel by using (P&O) algorithm with an output of reference 
current. In latest years, the active third-harmonic injection circuit have 
received much interest, this technique contributed to getting a better quality 
of injection current into the utility grid and control the reactive power. For 
converting direct current to three-phase sinusoidal currents, a line- 
commutated current source inverter type (CSI) with filter is used. The 
developed micro-inverter of (1000 W) offers an expanded range of reactive 
power control with balanced three-phase output power and good efficiency 
95.07%. The effectiveness of the suggested system is clarified through the 
MATLAB program simulation. The system proposed in this paper has 
proven its effectiveness in obtaining reactive power control, nearly sinusoidal 


three-phase output currents and it is compared with the traditional PV micro- 
inverter system. The comparison shows that the PV micro-inverter is best in 
more specification than the traditional PV system such as efficiency and total 
harmonic distortion (THD) and the system losses. 
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1. INTRODUCTION 

As stated by International Energy Outlook 2011 estimation, From 2006 to 2030, world electricity 
production increases by 77%, increasing from 18 trillion kWh in 2006 to 31.8 trillion kWh in 2030 [1]. 
Renewable energies will be found for 46 per cent of global power by 2050, based on the record advanced 
situation referring to the intergovernmental panel on climate change emission reduction goals. Photovoltaic 
(PV) can play a significant role in clean energy technologies [2]. Resources of electrical energy can primarily 
be divided into three sets: nuclear-powered, fossil, and renewable energy resource. One of the most widely- 
researched sources of renewable energy among others [3]. 

The arrays PV grid-connected inverter is classified into three sorts: central inverter type, string 
inverter type, and alternating (AC-module) (micro-inverter) type [4]. The previous technology was studied 
centralized inverters and string inverters, which were connected to many modules of PV. The series 
connection of PV modules together, defined as a string. The string panel when connected in parallel 
connection achieved a required power level with the centralized inverter system. This contributes to some 
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drawbacks, such as the need for DC cables of high-level voltage between the PV panels and the inverter. 
Centralized MPP tracker (MPPT) caused more power loss, a mismatch between PV panels. If one of the PV 
panels in a string is shaded, it will act as an open circuit on this string, resulting in power generation. So, 
energy harvesting efficiency is dramatically reduced. There are several other drawbacks for using the string 
and central inverter systems for example a risk issue of direct current (DC) cables and there is no 
expandability [5]. 

AC module system, with ranging of low power levels of micro-inverter is used in this paper 
according to its several advantages such as: i) get better the energy harvesting; i) improved efficiency of the 
system; iii) minimize the cost of installation; iv) operation "plug-N-play"; (v) increased modularity and 
flexibility; (vi) enable the capacitance of the DC capacitor small [6], [7]. Micro-inverter is normally mounted 
at the back of the PV panel and can well be built into the photovoltaic back cover. The inverter lifetime must 
have a matching the photovoltaic panel lifetime. These benefits have attracted increasing interest and made 
them competitive for central and string inverters of a PV system. 

In certain areas of the network, high PV power penetration can be seen in the network. Due to the 
fluctuation in photovoltaic systems, this can create serious problems in the distribution system. Instead of 
approaching costly grid structures in distribution networks, the reactive power ability of the inverter can be 
used in PV systems [8], [9]. Several topologies have been suggested and discussed for PV micro-inverters 
and for different ways of controlling them [5]. There are many topologies of reactive power control studied 
by researchers, in most of these micro-inverters are built with architecture in almost one stage and use a 
bridge for DC/AC conversion [4], [5]. If the micro-inverters work in the state of a unity power factor and 
cannot run with reactive power production, thereby failing to satisfy some electric power regulations with PV 
micro-inverters. Moondee and Srirattanawichaikul in [10] reactive power control study and coordinated 
reactive power based on the method of voltage regulation in the PV distribution grid system is presented, 
which is one of the traditional strategies of reactive power control. 

This study proposed a three-phase micro-inverter topology, which is simulated by the MATLAB 
program. The proposed system consisted of PV panels each panel of 250 W, DC-DC converter stage that 
includes four interleaved converters of flyback type, a circuit of third-harmonic current injection [11]. To 
operate the inverter, gate pulses of a square wave is required [12]. The line-commutated (CSI) with filter are 
suggested. Under working frequency of the isolation transformers, the structures can be classified into two 
main individuals: i) line-frequency isolation transformer and ii) high-frequency isolation transformer. In this 
paper, we essentially concentrate on configurations that use high-frequency transformers. When 
implementing the DC-link, the DC-DC conversion is required to provide MPP tracker and improve the DC- 
link voltage of the PV panel to a suitable voltage value. The DC-DC topology providing galvanic isolation 
can be a good choice for the stage [13]. The input power generated by the PV modules (Ppy) is used in 
control to be a constant and work at (MPPT) using the P&O algorithm method, which it's simplest and basic 
in structure [14]. The third-harmonic current injecting circuit (3 TSMC) is an advanced converter type of two- 
stage matrix (TSMC) that is suggested for providing an option of power factor correction and output reactive 
power capability. The third-harmonic current injecting circuit is represented by an active power filter of 
single-phase. The bidirectional switch linked with each input phase is switched ON for the third-harmonic 
injection circuit [15]. Assuming no loss in the micro-inverter stage, so the generated power by the PV 
modules is the same as the average output power. Generally, a decoupling capacitor is located in the PV 
system to reduce the ripple in power caused at the PV-modules side by perturbation and fluctuation of PV 
environments [16]. The connection of decoupling capacitor in parallel with the photovoltaic panel. This paper 
is organized is being as: section 2 introduces topology and operating principles of the micro-inverter; section 
3 presents the control of third-harmonic injection circuit; section 4 presents the control algorithm for tracking 
MPP; section 5 shows operation of the circuit of third-harmonic current injection; section 6 shows the 
simulation results to verify the presented methods; section 7 shows the final conclusion of this paper. 


2. CIRCUIT CONFIGURATION & PRINCIPLE OF OPERATION 
2.1. Circuit configuration 

Four PV panel (250W) with DC-DC flyback converter is connected directly to 1000W three-phase 
micro-inverter in this proposal PV system. Figure 1, shows the configuration of the system, which involves 
of a photovoltaic panel, a four interleaved flyback converter in stage of DC-DC conversion, a circuit of third- 
harmonic injection and CSI connected to a grid. In a DC-DC converter, four flyback converters connected in 
parallel and each converter contains two interleaved sub-converter shifted by 180° to each other. 

Small ceramic capacitor instead of large capacitor in the DC-link just to provide high-frequency 
input pulse current that is different than the conventional single PV input state in [6], [17]. This is the main 
subject of the various research teams' attention on operational issues such as the performance of the 
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maximum power point tracker (MPPT), improved flyback inverters THD and the reduction of input 
capacitors. As shown in Figure 1, the circuit of third-harmonic current injection contains a leg of two 
switches connected from middle to third harmonic current inductor that is connected to one phase by the 
bidirectional switch. An accurate control of current in the circuit of the third-harmonic is the main part of 
reactive power control. The line commutated CSI includes six inverter switches. Three arms of the inverter 
will be shifted with 120 degrees angle to get three-phase output current. 


THIRD HARMONIC INJECTION I 
CIRCUT 


Ul ign 


Figure 1. Micro-inverter construction schematic diagram 


2.2. Principle of operation 

Each flyback converter is operated with separate MPPT consists of two sub-converter interleaved 
with 180° phase shift, which increases the energy harvesting, increases the efficiency of the converter, and 
decreases the output currents ripple. The operating principles of a third-harmonic injection circuit are 
described as follows: for the switches SWa:, SWb+, and Sw.+ of an inverter, the switch is connected to the 
input phase with the high voltage side is held ON. For the switches Swa., Swo., and Swe., the switch is 
connected to the input phase with the low voltage side is held ON. The switches Swy+ and Swy- is working in 
high switching frequency in the third-harmonic injection circuit, which can be controlled to form the third- 
harmonic current iy flowing in the third-harmonic inductor Ly [18], [19]. So the reactive power controlled by 
controlling the output power factor. 

The line commutated CSI operated in synchronized with grid voltages. The DC output points p, n 
and y are connected to output phase voltage a, b and c. As assume ua > Up > uc at this state, the switch in the 
upper arm of phase a (Swa+ and the lower arms in phase c (Sw-.) and bidirectional switch of phase b (Swoy) 
are operated in ON state, to generate six pulses of gating signals across DC-link voltage as shown in Table 1. 


Table 1. CSI switching states 


Osa sector SWay SWbey SWey SWar Swa  SWoe  SWo. SWa Swe 
0-7/3 One 0 1 0 1 0 0 0 0 1 
T/3-2 n/3 Two 1 0 0 0 0 1 0 0 1 
2 1/3- 1 Three 0 0 1 0 1 1 0 0 0 
T-4 1/3 Four 0 1 0 0 1 0 0 1 0 
4 n/3-5 n/3 Five 1 0 0 0 0 0 1 1 0 
5 n/3-2 0 Six 0 0 1 1 0 0 1 0 0 


If the three-phase output voltages follow ua > up > Uc (referred to sector one) and in this topology 
includes just one sub-converter working in the continuous conduction state. Figure 2, shows the first stage 
equivalent circuit. When the converter switch Swmı in the ON operating state and the diode Dm in reverse 
direction state, so the flyback primary current ipm: is linearly increased at the same time the secondary current 
ism is zero. The magnetizing current immı is represented in (1) in this stage a flyback transformer winding 
stored energy. 

dimmı (1) 


Lint dt = Upv 
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Where, Lm: is the magnetizing inductance of flyback transformer 
Upv: is the voltage of photovoltaic panel 


Figure 2. The proposed AC module's equivalent circuit of three-phase micro-inverter (first operating stage) 


An equivalent circuit of the second stage of the operation is shown in Figure 3. In which the 
converter switch SwWm in OFF operating state and the diode Dm: in a forward state, so the input current ipmi iS 
zero and the secondary current is linearly reduced. The magnetizing current imm: is described in (2), the 
energy stored in a flyback transformer winding is released to a secondary side of transformer. 


dimm1 = TUpn (2) 


L 
mi at N 


Figure 3. The proposed AC module's equivalent circuit of three phase micro-inverter (second operating stage) 


The DC-link voltage is described by (3). 
Upn = Ug — Uc (3) 


Where N: is the turn ratio of flyback transformer. 
The secondary current ism: and output current is obtained in (4). 


imma (4) 
N 


i > 

Sm1= I9= 

Figure 4, shows the key waveforms during a switching time T, of a micro-inverter operational, 
where f, is a switching frequency of micro-inverter, k is a duty ratio of the third-harmonic switch Swy, and d 


is a duty ratio of the flyback switch Swmı. The micro-inverter waveforms are shown in Figure 5. Figure 6, 
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shows the gating signal of bidirectional switches and CSI switches. It is possible to achieve sinusoidal 
currents injected into the grid and control the reactive power. 
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Figure 5. Output voltages and DC link voltage of proposed micro-inverter 


| sector 1 | sector2 | sector3| sector 4| sector5 | sector 6| 


Figure 6. Gating signals of the proposed micro-inverter 


3. THIRD-HARMONIC INJECTION CONTROL 

If every one of the sub-converter is worked separately and just one of the sub-converter is taken in a 
DC-DC flyback converter stage for this topology. The three-phase output voltages are symmetrically 
operated, and if the output voltages vector is set in sector one, so the reference three-phase output voltages 
are assumed by: 
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Ua = Um cos (0a) 
Up = Um cos (0a = =) (5) 
Uc = Un cos (0a + =) 


Where Un : is the magnitude of output phase voltages. 
Category the output voltages by the instantaneous voltage value relations as can be seen is being as: 


Umax = Max(Ug, Up, Uc ) 
Umia = mid (Ug, Up, Uc) (6) 
Umin = min(Ug, Up, Uc) 


Where Umax, Umia and Umin Characterize the maximum voltage, the medium voltage, and the minimum voltage 
among the three-phase output voltages [18]. 
The DC-link voltage is described in (7) related to the maximum and minimum voltage in sector 1. 


Upn = Umax ~ Umin = Ua - Uc (7) 


In a period of each switching, considering the voltage-second balance of Ly, a duty ratio equation 
can be shown as [18]: 


Umid=k Umaxt K' Umin 

| k+ k'=1 | (8) 
k = Smid Smit (9) 
k= Umax — Umid (10) 


Umax Umin 


Where k and k’ are the duty ratios of the switches Swy+ and Swy. at steady state, respectively. 
The duty ratio is obtained in (11) according to magnetizing inductor Lm, voltage-second balance. 


n eal (11) 
N Upvt Upn 
Assume the output currents are in sinusoidal shape and a power factor is regulated and operation is 
taken in sector one, it's got that the current iy is the same value of current i» can be obtained in (12) [18]. 


ly = ip = Ipmcos (6, - =) + [gm sin (6, z z) 
= GU, cos (6, = z) + Igm sin(Oq — = 
= GUmcos(@q-~) (12) 


cos p 
I 
tang =~ 
Ipm 
Where Ipm is the amplitudes of the output current active component and Igm is the amplitudes of the reactive 
component of the output currents, and G=2P/3Um represent the equivalent input conductance, P is the output 
active power @ is the desired phase displacement angle. Phase a output current is given in (13). 


ig = Ismi — Kk ty (13) 
Where Imi : is the average output current of a flyback converter. 
According to sector one, the voltage of the DC-link is equal to Umax-Umin voltage is equal to Uac. And 


the duty ratio is Upe/Uac ia is Shown in (14) [18]. 


i _ GUmcos (Oat) (14) 
a= cosp 


And the phase c output current is obtained in (15). 
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ss = GUm cos(0a+ +9) (15) 


cosp 


4. THE MPP TRACKING CONTROL OF THE PV PANEL 

The photovoltaic system uses photovoltaic energy effectively with MPP tracker. PV system's MPPT 
depends on and tracks with environmental conditions. Among the multiple MPPT methods, the P&O 
algorithm is the most commonly used due to its simple design and it is not difficult to achieve. However, the 
traditional P&O technique is slow in operation also it is suffering from steady-state fluctuation [3], [20], [21]. 
The PV panel of the micro-inverter must still in tracking this working point whenever it varies according to 
the change of sunlight, and also when shading in partial, to reach this effect. The MPPT can be done by 
controlling the PV current. The P&O MPP tracker algorithm is built on PV current control is taken in this 
work for the three-phase micro-inverter because of its benefits with the great performance and small 
implementing efforts. Current perturbation is taken into account in this method instead of the perturbation of 
voltage to increase the speed performance of the MPP tracking [4], [22]. 

Figure 7, Shows the block diagram of developed micro-inverter MPP tracker, G(s) is the transfer 
function of first sub-converter and G(s) is the second sub-converter. As shown the outer loop of the 
controller is track the MPP of the PV by measuring photovoltaic voltage and photovoltaic current of the 
system and control the reference current to adjust the path of the perturbation toward MPP depending on the 
previous path point and the change in the photovoltaic panel power while the internal control loop with PI- 
controller is used to control the measured current of a PV with the reference current from MPP tracker. The 
dř is a duty ratio of a flyback converter switch in continuous mode operation at steady state is feedforward 
with the output of the internal loop to increase the dynamic tracking speed. Where d” is found by the DC- 
Link voltage (Upn) and the photovoltaic panel voltage (Vpv). 


Figure 7. Block of the MPP tracker of the photovoltaic system 


5. THE THIRD-HARMONIC INJECTION CIRCUIT CONTROL 

An operation of the circuit of third-harmonic current injection is related to injecting of a suitable 
current value of third-harmonic iy. So, the third-harmonic current control iy is important in design the circuit 
of a third-harmonic injection. The aim is to control the actual third-harmonic current iy which track reference 
current iy [23]. Thus P,“ and iy’ should be found firstly as shown in Figure 8. 


Umid — Umin 


Umax — Umin 


Figure 8. Block diagram of third-harmonic injection circuit design for micro-inverter 


The third-harmonic injection circuit mathematical model can be obtained is being as: 
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As shown from (16) that the current in the inductor of a third-harmonic injection can be regulated by 
change in the voltage of third-harmonic inductor uy . Figure 8, show the control block of the circuit of third- 
harmonic injection and parameters of design the PV micro-inverter system, where Omia is the output phase 
voltage angle of a medium value, P,“ is the sum of PV powers reference from PV panels and G,(s) is a 
transfer function of the third-harmonic current injection circuit [5]. Parameters of this micro-inverter system 
is obtained in Table 2. The PV panel specification used in this design is shown in Table 3. 


Table 2. Micro-inverter system specifications Table 3. PV panel specification 
Parameters Values Parameters Values Unit 

Total power rating 1000 W Number of cells 60 
Grid voltage (Line-line) 220V (rms) Light intensity 1000 W/m2 
Output frequency of the inverter 50 Hz Temperature 25 °C 
Frequency of switching 50 kHz Maximum power point voltage 30.7 V 
The magnetizing inductance of flyback transformer 54 uH Maximum power point current 8.15 A 
Turn ratio 6.5 Short circuit current 8.66 A 
Filter inductance 500 uH Open circuit voltage 37.3 V 
Capacitance filter SmF 
Third harmonic inductor 3 mH 


6. SIMULATION RESULTS 

The simulation is discussed in this part to check the feasibility of the suggested control schemes of a 
three-phase grid-connected micro-inverter system. The MATLAB software program is used in this 
simulation. Figure 9, shows the waveforms of half power rated condition of micro-inverter, at which the 
output currents of the PV panel are set with PV power of each panel at Ppy; = 0 W, Ppy2 = 125 W, Ppv3 = 125 
W, and Ppy4 = 250 W respectively. The wanted output displacement angle ọ is 0. Figure 9 (a) shows the 
output voltage and output current of phase a. Figure 9 (b) shows the three-phase output current. As shown, the 
three-phase currents are near to sinusoidal waveform shape and in the equal phase with the three-phase 
output voltage. So, it's clear that the system is operating at unity power factor and show the output power of 
micro-inverter at 500 W, which means each one of the flyback converters is operating individually by its 
MPP tracker. The output current total harmonic distortion (THD) is 5.37%. 
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50 2.5 
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-100 5 
150 7.5 
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Time (S) 
(a) 


o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.4 
Time (S) 


(b) 


Figure 9. Waveforms of the micro-inverter working at 500 W condition; (a) output phase voltage and output 
phase current, (b) three-phase output currents 
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The measured third-harmonic current iy and the reference of third-harmonic current iy’ at half power 
rated shows in Figure 10. The Figure 11, shows the waveforms of the full rated power condition of the micro- 
inverter, at which the output currents of the PV panel are set with PV power of each panel at PPV1 = 250 W, 
PPV2 = 250 W, PPV3 = 250 W, and PPV4 = 250 W respectively. Also, the wanted output displacement 
angle ọ is 0. Figure 11 (a), shows the output voltage and output current of phase a. Figure 11 (b) shows the 
three-phase output current. The three-phase currents are nearest to sinusoidal waveform shape and in the 
equal phase with a three-phase output voltage. In this condition the output power of micro-inverter at 1000 W 
and unity power factor. THD of output current is 2.54%. 


1.5 Reference current iy’ 
leasured current iy 
1 
0.5 | | 
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L i L 1 | 
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current (A) 
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Figure 10. Measured and reference injected third-harmonic currents at 500 W 
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Figure 11. The micro-inverter waveforms working in full-power condition; (a) output phase voltage and 
output phase current, (b) three-phase output currents 


The measured third-harmonic current iy and the reference of third-harmonic current iy“ at full power 
rated (1000 W) shows in Figure 12. The Figure 13, states that the suggested micro-inverter system can 
control the reactive power and the output current near sinusoidal. The figure shows the micro-inverter 
operated at the rated power of 1000W and the reactive power of 268 Var and the expected displacement 
phase angle is 15°. The THD of output current is 2.9%. Figure 13 (a) shows the output voltage with an output 
current of phase a. Figure 13 (b) shows the three-phase output currents. 
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The injected third-harmonic current (measured and reference) at voltage at 268 Var output reactive 
power and phase displacement angle of 15° shows in Figure 14. The Figure 15, shows the micro-inverter 
operated at rated power of 1000 W and reactive power of 577 Var and displacement phase angle of 30°. The 
THD of output current is 5.43%. Figure 15 (a) shows the output voltage and output current of phase a. Figure 
15 (b) shows the three-phase output currents. 

The injected third-harmonic current (measured and reference) at 577 Var output reactive power and 
phase displacement angle of 30° shows in Figure 16. These results are compared with other reactive power 
searches techniques which are not used third-harmonic current injection such as [24], [25], this proposed 
system obtained good performance and simplicity in construction. The dynamic response of irradiation 
changes from 1000 W/m? to 750 W/m? during system operation shows in Figure 17 (a) three-phase output 
currents during the change shows in Figure 17 (b) and their peak value equal to 3.5 A at 1000 W/m? and 
equal to 2.57 A at 750 W/m’. The third-harmonic current injection circuit during irradiation change from 
1000 W/m? to 750 W/m?, Iy is change from (1.96 A to 1.4 A) shows in Figure 18. 


Reference current i 
leasured current iy 


current (A) 
o a 
S| 


Figure 12. Measurement and reference injected third-harmonic currents at 1000 W 
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Figure 13. Micro-inverter waveforms with output reactive power of 268 Var and phase displacement angle 
15°; (a) output phase voltage and output phase current, (b) three-phase output currents 
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Figure 14. Injected (measured and reference) third-harmonic currents at 268 Var output reactive power and 
phase displacement of angle of 15° 
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Figure 15. Micro-inverter waveforms with output reactive power of 577 Var and phase displacement angle 
30°; (a) output phase voltage and output phase current, (b) three-phase output currents 
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Figure 16. Injected third-harmonic current (measured and reference) measured at 577 Var output reactive 
power and phase displacement angle of 30° 
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Figure 17. These figures are, (a) solar cells irradiation changes from 1000 W/m? to 750 W/m, (b) three-phase 
output currents 
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Figure 18. Third-harmonic current through irradiation change from 1000 W/m? to 750 W/m? 


7. CONCLUSION 

This paper proposed a new topology concept of a photovoltaic system, which presented the capability 
of control the reactive power of a three-phase grid-connected PV micro-inverter. Four interleaved flyback 
converters are used, an individual MPP tracker is controlled for each flyback converter. The circuit of the third- 
harmonic injection provides the control for the third harmonic current injection hence, an expected power factor 
correction is achieved. A line-commutated CSI inverter is designed for converting the direct current from the 
flyback converter to a three-phase output current, which can be injected into the grid through a three-phase 
filter. The micro-inverter is can be operated with full power level (1000 W), lower active power and different 
reactive power level. The simulation results obtained that suggested PV micro-inverter achieved these 
advantages: i) nearly sinusoidal output currents; ii) an expanded range of reactive power control; iii) high 
efficiency 95.07%; iv) using of flyback converter makes isolation between converter and PV panels; v) 
reduction of DC-link capacitors, vi) more reliability and balanced output current. These advantages can be 
achieved when compared with the traditional reactive power topology of a photovoltaic system. So, this 
proposed system is good for AC module system applications and the micro-inverter can inject active and 
reactive power into the grid of 220 V by controlling the third-harmonic injection current. 
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